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ABSTRACT
Precise values of the reverse saturation currents in 2- and 10-Q-cm
silicon solar cells and magnitudes of the diffusion and recombination compo-
nents have been obtained. The recombination current as well as leakage
current due to shunting are shown to be nonuniform across the cell. The
diffusion lengths calculated from the diffusion current components agree well
with diffusion lengths measured independently in similar material. Models
are given demonstrating the effect of recombination and shunting currents on
the dark current-voltage characteristics of solar cells.
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I. INTRODUCTION
Over the years the silicon solar cell has
evolved into a highly reliable device with charac-
teristics that, for the most part, are well under-
stood and generally predictable over the range of
space environments between Mars and Venus.
However, even with these relatively restricted
environments, there is a large discrepancy (about
a factor of two) between the ideal conversion effi-
ciency predicted by semiempirical derivations and
the efficiencies actually achieved by the finished
devices. In addition, missions using solar cells
in regions beyond the orbit of Mars, such as solar
electric propulsion missions to individual aster-
oids or comets and possibly missions to Jupiter
and its satellites, will require cell operation at
much lower temperatures and light intensities
than normally encountered.
For obtaining maximum conversion efficiency
in solar cells, the electrical performance of the
p/n junction is second in importance only to high
minority carrier lifetimes. With the decreasing
light intensities and temperatures found in the
missions mentioned above, this secondary import-
ance becomes much more important. As will be
discussed in more detail in a future report, (JPL
Technical Memorandum 33-557, Part II: Illumin-
ated Case), the magnitude of the junction current
at a given voltage when the junction is forward
biased, as it is in the photovoltaic mode, is im-
portant in determining the cell efficiency. Exces-
sive current degrades the power output by reduc-
ing the cell curve factor and the voltage output.
The lower the solar intensity incident upon the
cell, the larger the relative amount of degradation.
Previously reported measurements have given
widely varying and erroneous values of the junc-
tion current parameters due to series resistance
effects, to the presence of localized current-
shunting paths, and, as shall be shown, to the
presence of two parallel conduction processes.
The latter effect was recognized by Wolf and
Rauschenback (Ref. 1) nearly ten years ago for p
on n solar cells and was described as a double
exponential current-voltage (I-V) characteristic.
This report (Part I) presents precise values
of the junction current parameters for both 2- and
10-62-cm n on p cells obtained by measuring the
dark forward I - V curves over a wide range of
temperatures (393 to 145 K), eliminating the shunt
resistance problem by etching the solar cell to
form an array of small area mesas. Use of the
small areas also lowers the series resistance
considerably by essentially eliminating the sheet
resistance in the diffused ( <0. 5 1[m) top layer of
the solar cell. This allowed measuring more
than ten times the usual amount of current density
with a negligible amount of voltage drop across
the series resistance. Models are given demon-
strating the relative influence of both shunting
effects and the magnitude of the second current
conduction process (due to recombination in the
space-charge region) on the total forward I - V
characteristics. Also discussed are possible
causes for the ubiquitous shunting paths and some
preliminary results of a scanning electron micro-
scope investigation of them.
A second report (Part II) will relate the find-
ings of Part I to the photovoltaic mode of opera-
tion and show how the various mechanisms of
conduction affect the solar cell power output and
efficiency at different light intensities and
temperatures.
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II. THEORY
Under illumination, a photovoltaic device
provides a current by the generation of electron-
hole pairs - nearly one pair for each photon
absorbed, having an energy greater than the
energy of the band gap.
The output current consists of those minority
carriers ultimately collected by a suitable energy
barrier before being lost through recombination.
The barrier can be either a p/n junction or a
Schottky barrier, i.e., a metalfilm-semiconductor
device. In either case, the device can be repre-
sented as a diode in parallel with a current gen-
erator, as shown in Fig. 1. A shunting current
R
VOUT
and NA are the donor and acceptor concentrations
that are assumed fully ionized, and ni is the
intrinsic carrier concentration
ni = NC Nv exp (- Eg/ZkT) (3)
In Eq. (3), Nc and Nv are the density-of-
states in the conduction and valence bands, respec-
tively, and Eg is the energy of the band gap. For
silicon, the intrinsic carrier concentration can be
written as
n.= 2.4x 101 \T 0-0 K-) exp (- O ) cm
--kTc
-3
The ratio ni /ND A in Eq. (26) is the number
of minority carriers in the n and p regions,
respectively, due to thermal excitation, not light
excitation. The diffusion process in silicon solar
cells is such that an abrupt junction with a highly
doped n-type region is formed on a lightly doped
p-type base. Thus the first term in Eq. (2b) can
be neglected because of the small number of
minority holes in the diffused region (high ND).
Since the diffusion length Ln is equal to
-DnTn, where Tn is the minority carrier (elec-
tron) lifetime,
Fig. 1. Equivalent circuit for a solar cell
seems to exist in all solar cells to some degree,
and can be represented as an ohmic resistor Rsh
in parallel with the diode. The output current
through the load resistance I is then simply
I =D - L (1)
where IL is the light generated current furnished
by the collected minority carriers, and ID is the
diode current that flows in the opposite direction
to IL because of the forward potential developed
across the cell. It is this diode current for p/n
junction solar cells that is the subject of this
report.
A. Diffusion Model
Most monographs on solar cells treat the
diode current as expressed by the simple Shockley
diffusion current relation (Refs. 2 and 31
ID = I01 [exp (qVD /AlkT) - 1] (2a)
where
2 2qDp n. qD n
i01 - Lp N + L N 1 (2b)
P D n A
is referred to as the reverse saturation current. 1
In these expressions, q is the charge of the elec-
tron; k is the Boltzmann constant; T is the abso-
lute temperature; A1 is an empirical factor to be
discussed below; D and L are the diffusion con-
stant and diffusion length, respectively, with the
subscripts n and p referring to the n-doped and
p-doped sides of the junction, respectively; ND
2
D n.
qr NA
(2c)
for n on p solar cells. Since the temperature
dependence of the quantities in Eq. (2c) is negli-
gible compared to the exponential term in ni, the
temperature dependence of the reverse saturation
current due to diffusion I01 should be exponential
with the band gap energy.
The voltage across the diode VD in Eq. (2) is
related to the external voltage V by
VD = V IR (4)
where R
s
is the series resistance of the device.
In the photovoltaic mode, the external voltage is
smaller than the voltage across the junction VD
(+ sign), while in the dark with applied forward
voltage, the voltage VD is less than the applied
voltage V by the amount of the drop across R s
(- sign).
The use of the diffusion current [Eqs. (2)]
with Eq. (1) allowed other expressions to be
derived rather simply, such as expressions
(Refs. 4, 5) for the voltage at maximum power
point, output power, efficiency, and open-circuit
voltage -the latter, for instance, given by
V oc AkT ln(
I
L/il + )Inq L/I01 (5)
However, it has long been recognized that
the measured values of the reverse saturation
current are far larger than those predicted by
1All references to currents in this report are actually current densities.
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Eq. (2b) and also that an empirical factor called
the "A-factor" is needed in the denominator of the
exponential in Eq. (2a). The values of this "A-
factor" that have been reported for solar cells
vary between 1. 0+ to 4 or 5, whereas the theore-
tical value of Al in the Shockley diffusion theory
is 1.0.
B. Recombination Model
For some time, it has been recognized that a
second component to the diode current can exist -
current due to generation and recombination of
carriers via centers within the band gap in the
space-charge region of a p/n junction. With the
simplifying assumption of single-level uniformly-
distributed centers at the center of the band gap,
the I - V relationship can be written as (Refs. 6,
2, 3)
ID °[exp (AkT ]V (6)
~D 0/IA2kT/
where the maximum theoretical value of A 2 is 2. 0.
The reverse saturation current for this idealized
case is given by
qWn.
102 2 T0 (7)
where W is the width of the space-charge region
as determined by capacitance measurements, and
T
O
-- Tn = T . The effective minority lifetime T
O
is related Po the density of recombination centers
Nt and to the center's capture cross section T by
1/TO = vth N t
where Vth is the thermal velocity of the semicon-
ductor. The temperature dependence of n
i
is
dominated by the exponential [Eq. (3)], and since
102 is linearly dependent on ni, the temperature
dependence of the reverse saturation current due
to recombination (102) should be exponential with
one-half of the band gap energy.
The factor A 2 in Eq. (6) can be less than 2. 0
if the assumption that the recombination centers
are exactly at the middle of the band gap is lifted.
The expression for 102 given by Eq. (7) should be
multiplied by a complicated factor involving the
depth of the center (Ref. 6). When the center is
energetically away from the middle of the band
gap, we may have 1 < A2 < Z2 depending on the
forward applied bias. This more complicated
situation will not be pursued at this time.
Many reported values of the empirical A-
factor in silicon solar cells have been greater
than two. One mechanism has been proposed that
allows for 2 < A < 4 (Ref. 7), that of carrier
recombination in a surface channel in amounts
larger than the bulk recombination. However, it
will be shown in this report that the cause of the
high values of A measured in earlier studies was
probably due to the presence of ohmic shunting
currents that are unavoidably present in the large-
area shallow junctions used in solar cells.
C. Combined Model
Since the experiments discussed below
demonstrate the existence of both diffusion and
space-charge recombination current in silicon
solar cells, the proper diode characteristic equa-
tion is
ID I01 [exp (AqVkT)
D~~~\ lkT - 1,K
+ 02 [ex (A VD ) ]
+ VD/Rsh
(8)
where Rsh is the shunt resistance shown in Fig. 1,
and I01, 102, and VD are given by Eqs. (2b), (7),
and (4), respectively. Therefore, both compo-
nents are separately stated rather than the simpler
expression [Eq. (2a)] used with an average A-
factor reflecting the relative contributions of each
current component.
To better understand the effect of the three
current components in Eq. (8) on the dark forward
bias (V > 0) of a solar cell, Eq. (8) was graphed
for various combinations of I01, I02, and Rsh.
Similar modeling for the illuminated solar cell
using Eq. (1) in addition to Eq. (8) will be pre-
sented in a following report (Part II). Figure 2
shows the effect at room temperature of varying
amounts of recombination current without the
presence of current shunting, while Figs. 3 and
4 show the effect of shunting for relatively low
(10-8 A/cm 2 ) and relatively high (10-6 A/cmZ)
recombination current density, respectively.
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Fig. 2. Ideal dark forward current-voltage
characteristic at room temperature
showing effect of recombination current
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Fig. 3. Ideal dark forward current-voltage
characteristic at room temperature
showing effect of shunting with
I0z = 10-8 A . cm-2
z
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Fig. 4. Ideal dark forward current-voltage
characteristic at room temperature
showing effect of shunting with
I02 = 10-6 A · cm - 2
Figures 2-4 were drawn for the diffusion current
expected in 10-92-cm silicon (I01 = 10-1 1 A. cm'l.
The value of R
s
is typical for present day solar
cells. From these figures we see that shunting
has little effect when the recombination current is
relatively important, such as was probably the
case with solar cells made in the 1950's and early
1960's, and as should also be the case for solar
cells that have been damaged by particle irradia-
tion. The presence of the recombination current
affects the I - V characteristic over the entire
voltage range -- not just the low voltage region.
This is particularly so the lower the temperature,
as shown in Fig. 5. The latter figure also shows
that shunting is relatively much more important
at lower temperatures. This occurs because the
shunting current is essentially temperature inde-
pendent while I01 and I02 fall off exponentially with
temperature. Since I01 falls off more rapidly
(n
i
as compared to I02 a ni), the relative effect of
the recombination current is much more pro-
nounced at lower temperatures even at higher
voltages. Similarly, at a fixed temperature, the
wider the band gap of the semiconductor, the
smaller the role of diffusion current.
10
-
' T 145K .. I /' I
101 =10
-
32 A · cm- 2
10 2 A
1
= 1.0 
%A2 =2.0
10- 4
10- 8
0.3 0.4 0.5 0.6 0.7 0.8 0.9
VOLTAGE, V
Fig. 5. Ideal dark forward current-voltage
characteristic at 145 K showing effect
of recombination current and shunting
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III. EXPERIMENTAL TECHNIQUES 
The sil icon solar ce l l s used in th is study of 
the dark I - V c h a r a c t e r i s t i c s were 2 - and 
10-£2-cm n on p ce l ls supplied by Cen t ra lab 
Semiconductor Division of Globe Union, Inc. , 
and by Heliotek Division of Tex t ron , Inc. The 
ce l l s , except for some specia l ly p r e p a r e d ones 
d i s cus sed below, were typical ce l l s obtained 
from the product ion line except that no an t i -
ref lect ion coat ings w e r e applied. Bes ides I - V 
and capac i tance m e a s u r e m e n t s on the en t i re 
a r e a ( 2 X 2 cm) , s i m i l a r m e a s u r e m e n t s were 
pe r fo rmed on smal l d i ame te r (~1 mm) m e s a s 
that w e r e formed by etching s e v e r a l m i c r o n s of 
si l icon from the diffused sur face with 1:10 
HF/HC1 ac ids . Only under wax dots placed over 
gr id l ines were a r e a s of the p / n junction left 
remaining (Fig. 6) — the remain ing gr id l ine 
serv ing as a convenient contact . 
The below r o o m - t e m p e r a t u r e m e a s u r e m e n t s 
were pe r fo rmed at 145, 192, 232, and 273 K by 
using var ious F r e o n baths in a vacuum dewar , 
and above r o o m - t e m p e r a t u r e m e a s u r e m e n t s 
were pe r fo rmed at 335 and 393 K using an e l e c -
t r i c a l hea te r . In both c a s e s , the sample was 
in a vacuum while contacted to a me t a l finger 
held at the d e s i r e d t e m p e r a t u r e . The range of 
t e m p e r a t u r e s se lec ted cove r s the range e x p e r i -
enced by so la r panels heated by solar energy 
between the orb i t s of Jup i te r and Venus. Cel ls 
that showed Schottky b a r r i e r effects at the back 
contact w e r e not used in this study. 
Although the technique of m e a s u r i n g the I - V 
c h a r a c t e r i s t i c s is s t ra igh t forward , ex t r eme c a r e 
was r e q u i r e d with m e s a s to avoid leakage c u r r e n t s , 
ground loops , and the effects of vo l tmete r c u r r e n t 
flow because of the low c u r r e n t s ut i l ized (down to 
1 0 " 9 A ) . These effects a r e negligible with the full 
cel l a r e a because shunting usual ly keeps the c u r -
ren t level two to t h r ee o r d e r s of magnitude higher . 
The u s e of b a t t e r i e s for applied vol tages and 
b a t t e r y - o p e r a t e d m e t e r s grea t ly aided in solving 
the grounding p r o b l e m s . Voltages v/ere m e a s u r e d 
with a digital Fluke m u l t i m e t e r , Model 8120A, and 
c u r r e n t s with a Keithley e l e c t r o m e t e r , e i ther 
Model 610B or 600B, m e a s u r i n g five points per 
decade of c u r r e n t . The data were l eas t squa re s 
fitted to a two-exponent ia l model as given by Eq. 
(8) without the shunt t e r m . <- With a curve fitting 
technique, the values of A\, A;?, I()l, I()2> anc^ Rs 
as well as the las t four quant i t ies with a fixed 
value of one for Ai were de te rmined . This t ech -
nique i s being modified to give a lso a fit to the 
two-exponent ia l cu rve with shunting. Capaci tance 
m e a s u r e m e n t s were p e r f o r m e d with a Boonton 
Br idge , Mode 74C-58(100 kHz). Background dop-
ing in the base region was de t e rmined by the vol t -
age dependence of the capac i tance and the widths 
of the s p a c e - c h a r g e regions were obtained from 
the ze ro b ias values of the capaci tance (Refs. 2, 3). 
F ig . 6. Pho tograph of a s t andard so la r cel l and of a cel l etched into 
s m a l l - a r e a m e s a s 
Computer p r o g r a m kindly supplied by M. Wolf. 
J P L Technical Memorandum 33-557 
IV. EXPERIMENTAL RESULTS
A. Current-Voltage Characteristics
When one examines typical solar cell dark
forward current-voltage characteristics such as
those given in Figs. 7a and 7b for 2- and 10-Q-
cm cells, respectively, the most striking feature
E
<
>p
U
2o
VOLTAGE, V
Fig. 7a. Dark forward current-voltage
characteristics for typical
2- X 2-cm solar cells, 2-Q-cm,
T = 296 K
10 i-cm N/P
T = 296 K
NT % 1
HELIOTEK
0 004--- CENTRALAB
-, VoLZ 10
0
L 10-
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
VOLTAGE, V
Fig. 7b. Dark forward current-voltage
characteristics for typical
2- X Z-cm solar cells, 10-2-cm,
T = 296 K
is the variability of the curve shapes in the low to
middle voltage range. The variability of up to
two decades of current for a fixed voltage between
0. 1 to 0. 3 V is due to different amounts of shunt
resistance and recombination current in the junc-
tion region that are impossible to separate. The
models presented in Section II showed how each
mechanism can affect the entire characteristic
and how difficult it can be to separate the two
mechanisms depending on the relative amount of
either one.
The usefulness, indeed the necessity, of
measuring the junction characteristics on small
individual areas of the solar cell is clearly evi-
dent in Fig. 8. This graph of I - V curves, using
TEMPERATURE, K
393 296 232 192 145
-1
I, I,  '/
-2 / / ' /
10 
< 101
-I / , /
u10 /
10 - c
2- X 2-cm solar cell 
t a used in I I
r10 -
ISOLATED SMALL AREA.
--- 2-x 2-cm SOLAR CELL Cn
10 I I I I I
0 10 20 30 40 50 60 70
qV/lc T
Fig. 8. Dark forward current-reduced voltage
characteristics for a typical 10-12- cm,
2- X 2-cm solar cell and average
small-area mesa
the reduced voltage qV/kT for five of the seven
temperatures used in the present study, shows
the large difference between measurements on a
2- X 2-cm cell compared to those on a small area
of the same cell. Particularly at lower tempera-
tures, since current shunting is essentially tem-
perature independent, measurement of the smaller
sloped portion of the I - V curve, which is indi-
cative of the recombination current term, would
be impossible on the larger area. An additional
advantage of the small area measurements, which
can be seen in Fig. 8, is that the current density
that can be measured is about ten times higher
than is possible in the 2- X 2-cm cell without sig-
nificant voltage drop across the series resistance.
The relative uniformity of the forward char-
acteristic of individual mesas as compared to
those of 2- X 2-cm cells is shown in Figs. 9a and
9b for 2- and 10-Q-cm material, respectively.
The three 2- X 2-cm samples shown in Fig. 9a
represent the range of shunt resistance found in
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VOLTAGE, V
Fig. 9a. Dark forward current-voltage
characteristics of some typical
small-area mesas and 2- X 2-cm
solar cells, 2-Q-cm, T = 192 K
the 2-2 -cm cells measured in this study (about
12 cells). In contrast, the individual mesa curves
behave more consistently, especially in 2-Q-cm
cells. Other mesas measured, but not shown for
reasons of clarity, had similar characteristics.
Occasionally a mesa was found with shunting char-
acteristics similar to a 2- X 2-cm cell (C4-3 in
Fig. 9b), demonstrating that the shunting found in
solar cells is localized in nature.
T = 192 K 
10-2 
I
Z 4
1 0- 40 6/
10
MESAS /
1 -5 ~ ///
4/// 10-- H2-18 /
0.2 0.3 0.4 0.5 0.6 0.7 0.8
VOLTAGE, V
Fig. 9b. Dark forward current-voltage
characteristics of some typical
small-area mesas and 2- X 2-cm
solar cells, 10-Q-cm, T = 192 K
The results of computer least squares fitting
the dark current data taken from mesas showing
no shunting are summarized in Table 1. The data
for the diffusion current component (I01) were
very similar for both Heliotek and Centralab cells,
and thus, were averaged together. However, for
the recombination current (102), the Centralab
cells showed larger values and more variation
between samples than did samples from Heliotek.
Table 1. Summary of reverse saturation current densities
JPL Technical Memorandum 33-557
Heliotek and Centralab Heliotek Centralab
I, A cm 2 I02 A cm 2 I A cm01' 02' 02'
T, K
2 Q-cm 10 Q-cm 2 Q-cm 10 Q-cm 2 Q2-cm 10 1-cm
9a 9a 5 6a  4 a
393 1.21 X 10 - 7 1.87 X 10 6 2. 57 X 10
-
6 (1.0 X10 4)b 1.4 X 10 5
335 4.64 X 10
- 1 2. 57 X 10 - 9 (3. 9 X 10 - 7 ) 2.2 10-6 (5.9 X 10 - 6) 1.0 X O- 6
296 4.25X10-12 1.65X 10
-
1
4.63X 10
-
8 8.27 X 10
-
8 2.18 X10
-
8 4.78 X10
-
8
273 8.51 X 10 -1 4 3.05X - 1 3 4.94X 10 - 9 3.72 X 10-8 2.48 X 10-8 6.5 X 10 -9
232 1.20 X10
-
1 7 5.00 X10
- 1 7 6.05 X10
-
1
3.60X 10
- 9 9.3 X10 8 4.0 X10
-
9
192 3.39 X 10
-
2
3 2. 17 X 10 - 2 6. 16 X 10 - 14 1. 28 X 10 1 2 6. 2 X 10 - 1 2 5. 5 X 10
-
11
145 3.66 X 10- 3 3 8. 88 X 10 - 3
2
3. 0 X 10 - 19 3.4 X 10 8 1.2 X10 - 1 7 3.1 X O
-
1 7
aNumber of samples used for averaging.
bParentheses denote values of greater uncertainty.
The least squares fitting procedure of.
also provides values of Al and A2. Values
which theoretically should equal one, were
that magnitude at room temperature, and in
eral, ranged from about 1 to 1. 15. The ma
tude tended to increase slightly with decrea
temperature, and were slightly higher for I
cm material than for 2-Q-cm. The values
generally varied from 1. 8 to 1.9 in 2- Q-cm
rial and from 1.9 to 2. 7 in 10-Q-cm materi
between 296 and 145 K. A 2 was difficult to
at temperatures above room temperature, I
ably because of the very small relative amo
recombination current there, but indication
that values of AZ S 1. 5 give the best fit to t
data. The more exact theory of Sah, Noyce
Shockley (Ref. 6) does allow for values of A
when the dominant recombination center is
located at the exact center of the band gap a
when the forward bias value is taken into ac
Further analysis of the A-factor values is r
being pursued until the least squares fitting
gram is modified to include current shuntin
Referring to Eqs. (2c) and (3), one see
the temperature dependence of I01 can be gi
the expression
101 = I0l exp (E /kT),
and that of I02 by the expression
I2z = Io2 exp (Eg/2kT),
since the exponential term dominates the te
ture dependences of Dn, Ln, TO, Nc, and N
Therefore, an activation energy plot of Io01
I02 should give a slope of Eg and Eg/2, res
tively. Figure 1Ois such a plot for two smal
mesas, H 2-18 and H 6-10. The dashed and
lines (2- and 10-Q-cm material, respective
least squares-fitted linear lines using data
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iven by
all mesas measured. The data points given for
the two samples are thus representative and will
be u.sed in the analysis below.
The linearity of the four lines in Fig. 10 shows
that the representation given by Eqs. (9) and (10) is
correct. The results of the least squares fit of the
average data are for 2-Q-cm solar cells
I01 = 2.3X10 8 exp (1. 17/kT) A. cm -2 (9b)
and for 10-Q-cm solar cells
I01 = 6. 4 X 108 exp (1. 15/kT) A. cm -2 (9c)
with room-temperature values of 2. 6 x 10 - 1 2 and
1.5 x 10-11 A . cm - 2 , respectively. The cor-
responding values for the recombination current
components are for 2-2-cm solar cells,
I02 = 4.6 X 102 exp (1. 21/ZkT) A. cm- 2 (lOb)
and for 10-Q-cm solar cells,
102 = 3.7 X 103 exp (1. 19/2kT) A. cm 2 (lOc)
(9a) with respective room-temperature values of 2. 4 X
10-8 and 2. 7 X 10-7 A · cm - 2 , respectively. The
data from which Ib2 was calculated are that of
solar cells manufactured by Heliotek. Data from
(10a) Centralab solar cells, while comparable, had
considerably more scatter.
.mpera-
Tv . The values of Eg obtained from the two com-
and ponents were 1. 16 and 1. 20 eV, the band gap of
pec- silicon. These values are only slightly higher
11-area than the accepted band-gap value of 1. 12 eV at
solid room temperature - rising to 1. 16 eV at lower
ly) are temperatures. The existence of the relations
from shown in Fig. 10 with the slopes given above is
clear proof of a two-component nature of the diode
current in silicon solar cells, i. e., current con-
duction by both diffusion of minority carriers
(principally in the lightly-doped base region) and
by recombination of minority carriers in the junc-
tion space-charge region.
Knowledge of the values of I01 and I02 along
with other experimental data allows for calcula-
tions of diffusion lengths or lifetimes of minority
carriers. Table 2 summarizes such calculations
for the two samples used in Fig. 10. The built-in
voltage Vbi and the doping in the base region NA
were obtained from the voltage dependence of the
junction capacitance C, i. e., from the intercept
and slope, respectively, of a plot of (1/C)2 versus
V (Refs. 2, 3). The width of the space-charge
region W was obtained from the zero-bias value of
the capacitance, assuming a simple parallel plate
capacitance model. Use of Eq. (2c) and the value
of I01 (296 K) given in Table 2 yielded a minority
carrier lifetime of 4. 4 and 7. 1 Fs for 2- and
10-Q-cm base material, respectively. The cor-
responding diffusion lengths are 123 and 163 Crm.
The lifetime values fall well within the range of
the lifetimes found by independent measurements
ies I01 in finished silicon solar cells. 3 The longer diffu-
ature sion length in 10- Q-cm material is also expected
because of its greater purity.
3 Iles, P., private communication.
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Table 2. Physical parameters and calculated junction parameters
of two representative mesas
Units H6-10 H12-18
Resistivity p f -cm 2 10
Doping NA (from C-V) cm - 3 7.2 X 1015 1.8 X 1015
Built-in voltage V 0. 850 0. 705
(from C-V)
Junction capacitance fd · m 2. 7 X 104 1. 5 X 104
Junction width W Im 0. 39 0. 70
2 -1Diffusion constant D cm · s 35 38
n
-2 9 9
I0 (1/T = 0), Eq. (9) A cm 1.4 X 10 1.3 X 10
E (fit), Eq. (9) eV 1. 19 1. 16
I02 (1/T = 0), Eq. (10) A· cm
-
2 7.4 X10 1 3.8 X 103
E (fit), Eq. (10) eV 1. 15 1. 19
-2 -12 -11
I01 (296 K) A cm 6.3 X 10 2. 0 X 10
I02 (296 K) A . cm 1.2 X 10
-
8 2.8 X 10 7
Diffusion length Ln lam 123 163
=L2n/Dn s 4.4 X 10 - 6 7. 1 X 10 6
TO, Eq. (7) s 2.7X10 - 6 0. 2X10- 6
Similar calculations using Eq. (7) yielded
values of the effective lifetime TO as given in
Table 2. These values bear no relationship to the
values of the diffusion lifetimes Tn
.
Surprisingly,
the value of TO for 10-C-cm material is more than
ten times shorter than the value for 2-Q-cm mate-
rial. The latter fact may indicate that multi-level
recombination centers are involved in determining
the magnitude of I02 and that the simple expression
To = TnT-Tp is not valid here. Another possi-
ble explanation involves the impurity gettering
ability of the P205 diffusion process. It has been
observed (Ref. 8) that natural gettering of deep
impurities like gold, iron, or copper by the glassy
substance formed on the surface during the diffu-
sion of phosphorous causes a build-up in the deep
impurity concentration near the surface (<few
microns) one to two orders of magnitude larger
than the original concentration in the bulk! The
lower lifetime T O in 10-2l-cm material might be
explained by this mechanism if the gettering "effi-
ciency" is higher in more pure (shallow level
impurities like boron) material than it is in less
pure material. Further investigations of Tn and
TO over a wider range of base resistivities are
planned.
B. Current Shunting and Nonuniform
Recombination Current
The effect of shunting paths and recombina-
tion currents on the dark forward I-V character-
istic were earlier shown in Figs. 2-5. Their
effect on the illuminated solar cell output charac-
teristic will be demonstrated in Part II of this
report where it will be shown that even typical
amounts of shunting and recombination current
can lower the cell efficiency by up to 30% at low
light intensities. That the shunting is localized.
was clearly demonstrated by the fact that only
rarely were small area mesas found with any
shunting.
The most likely cause of these shunts would
be scratches penetrating through the junction
region, since in solar cells, the junction is only
0. 3 to 0. 5 pm from the surface. If this is so, any
metallization on this surface with subsequent
firing should increase the amount of shunting.
Such a metallization process is performed, of
course, when the grids are placed on the solar
cell. This process, designed principally for
obtaining low resistance contacts on the lightly
doped back surface, involves the evaporation of
about 0. 1 pLm of titanium before a thicker film of
silver is evaporated. The contact is then fired at
about 600C in a hydrogen atmosphere so as to
react the titanium with the natural oxide layer on
the silicon.
To investigate the possible effect of such a
process on current shunting, seven Centralab
2-Q-cm solar cells, which had been processed
normally including the usual grids, had their
entire front surface coated with the Ti/Ag metal
films. All seven had typical current-voltage
characteristics when measured. When, however,
four of the samples were sintered in the manner
done for forming the back contact and grid, the
amount of shunting increased dramatically as
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shown in F ig . 11a. Samples CS 1—4 were s in te red 
and samples CU 1—3 were left uns in t e r ed as con-
t r o l s . The dashed line r e p r e s e n t s an idea l ized 
Z- X 2-cm cel l with no shunting us ing the ave rage 
values of Io 1 and I02 found in the smal l a r e a 
m e s a s . Hence, it appea r s that much of the shunt-
ing in ord inary ce l l s may occur because of the use 
of f ired t i tanium under the gr id l ines and bar con-
tact . The r andomness of the shunting paths would 
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Dark forward c u r r e n t - v o l t a g e 
c h a r a c t e r i s t i c s of Cen t ra lab solar 
ce l l s with full front T i /Ag contac ts 
then seem to come from both the r a n d o m n e s s of 
s c r a t c h e s inflicted after diffusion, and from the 
random chance of a gr id line over lapping such a 
sc ra t ch . F igu re 1 lb shows the r e s u l t s of a s i m i -
la r exper iment with Heliotek ce l l s , except that 
he r e the uns in te red cel ls did not have the p r e l i m -
inary s in ter ing of the back contact and gr id l i ne s . 
Thus , two of the ce l l s , HU 2 and HU 3, show very 
high s e r i e s r e s i s t a n c e and the effect of a Schottky 
b a r r i e r at the back contact . Howeve r , it is 
c l ea r ly seen that init ial ly, for this p a r t i c u l a r 
grouping, the amount of shunting was significantly 
lower than that found in the Cent ra lab ce l l s , and 
that the effect of s in ter ing was much l e s s than 
that found in the Cent ra lab ce l l s . The impl ica t ion 
is that on the ave rage the Heliotek ce l l s a r e l e s s 
prone to c u r r e n t shunting. This is a l so evident in 
F i g s . 7a and 7b, though some Hel iotek ce l l s show 
r a t h e r significant shunting. 
F u r t h e r evidence of cu r r en t shunting due to 
s c r a t c h e s in the diffused region was obtained from 
scanning e lec t ron m i c r o s c o p e p i c tu re s of a m e s a 
that had shown shunting c h a r a c t e r i s t i c s . F igu re 
12a is a p ic tu re of the m e s a using the e lec t ron 
beam induced conductivity (EBIC) mode . In this 
mode, e lec t ron-ho le p a i r s a r e formed by the p r i -
m a r y e lec t ron beam (10 kV) jus t as they a r e by 
photons. The penet ra t ion depth of 1 0 kV e lec t rons 
in si l icon is about 1 um. Hence, mos t of the c u r -
rent m e a s u r e d (scanned and displayed much as by 
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Fig . l i b . Dark forward cu r r en t -vo l t age 
c h a r a c t e r i s t i c s of Heliotek so la r 
ce l l s with full front T i /Ag contacts 
F ig . 12a. Scanning e lec t ron m i c r o s c o p e 
p ic tu re (e lec t ron beam induced 
conductivity mode) of m e s a with 
s c r a t c h (X60) 
a vidicon tube) is due to the col lect ion of minor i ty 
holes from the diffused region. The dark cen t ra l 
l ine is the or iginal grid line with a wire so ldered 
to it . At the bottom of the p ic tu re is seen a dark 
l i nea r fea tu re . (The other da rk a r e a s a r e due to 
surface d e b r i s . ) The fea ture b r e a k s into a d i s -
continuous line approaching the grid, but may 
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continue under the grid. A higher magnif icat ion 
p ic tu re us ing the col lec ted secondary e l ec t rons 
that a r e emi t t ed from the surface is shown in 
Fig. 12b. Th i s mode gives a p ic tu re much l ike 
that seen with an optical m i c r o s c o p e but with far 
m o r e depth-of-f ie ld. The p ic tu re shows that the 
l inea r fea ture is indeed a s c r a t c h that has p e n e -
t r a t e d the junct ion region, pe rhaps accounting for 
the abno rma l amount of c u r r e n t shunting. A lower 
magnif icat ion EBIC p ic tu re of a different cel l a l so 
shows numerous l inea r f ea tu res , some of them 
running under gr id l ines (Fig. 13). 
F ig . 12b. Scanning e l ec t ron m i c r o s c o p e 
p ic tu re ( secondary e lec t ron 
emiss ion) of m e s a edge with 
s c r a t c h (X1200) 
Fig. 13. Scanning e lec t ron m i c r o s c o p e 
p ic tu re (e lec t ron beam induced 
conductivity) of pa r t of a so la r cell 
showing l inear fea tu res 
P rev ious ly , r e f e r ence was made to some 
s m a l l - a r e a m e s a s that s e e m e d to show values of 
recombina t ion c u r r e n t higher than the a v e r a g e . 
To fur ther check the poss ib i l i ty of nonuniformity 
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in IQ2 a c r o s s the plane of the cel l junction, a 
montage of a so la r cell was made with the scanning 
e lec t ron m i c r o s c o p e before individual m e s a s were 
e tched from it. F i g u r e 14a i s a montage using 
secondary e lec t ron emiss ion that shows a surface 
Fig. 14a. Scanning e lec t ron m i c r o s c o p e 
montage of a so lar cell (secondary 
e lec t ron emiss ion) 
free of all but a few p a r t i c l e s . However, when a 
montage of the same cel l is made in the EBIC 
mode as shown in F ig . 14b, s t r u c t u r e appea r s 
that ind ica tes a high degree of var iabi l i ty in c u r -
rent col lect ion by the junction. (The light a r e a s 
a r e regions of lower c u r r e n t col lect ion. ) Since 
all of the p r i m a r y e l ec t rons a r e absorped in the 
f i r s t m i c r o n of s i l icon, mos t of the s t r u c t u r e 
seen m u s t be due to defects in the diffused region. 
The c r a t e r - l i k e and r idge dep re s s ions that appear 
F ig . 14b. Scanning e lec t ron m i c r o s c o p e 
montage of same solar cell as in 
F ig . 14a (e lec t ron beam induced 
conductivity mode) 
1 1 
are not easily explained at this time, but the "salt
pattern", which is denser on the right side, could
possibly be explained by precipitates. High den-
sities of precipitates in high-purity, low-oxygen
content silicon that have been identified as copper
have been recently reported (Ref. 9). In crucible-
grown silicon, which normally has an oxygen con-
tent of > 1016 - 1017 cm - 3 , and from which most
solar cells are made, precipitates of SiO2 have
also been reported that can affect the "softness"
of the reverse characteristic (Ref. 10).
12
A number of mesas were etched from the
cell used for Figs. 14a and 14b in such areas
where the most prominent structure appears,
as well as in some areas relatively free of
such structure. Only minor differences were
detected between the mesas in the dark for-
ward I - V curves, except that a mesa in
the upper righthand area of the cell showing
the highest concentration of precipitate-
like patterns did have significantly higher
recombination current.
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V. CONCLUSIONS AND RECOMMENDATIONS
Precise values of the reverse saturation
currents in silicon solar cells and magnitudes of
the diffusion and recombination components have
been obtained. The magnitude of the diffusion
current was shown to be that predicted by
Shockley's theory. The recombination current,
as well as leakage current due to shunting, were
shown to be nonuniform across the solar cell.
Models were given demonstrating the effect of
recombination and shunting currents on the dark
forward current-voltage characteristic.
At least one cause of current shunting in
solar cells is apparently due to surface scratches
penetrating through the junction region. The
elimination of these and of regions showing higher
magnitudes of recombination current can raise
conversion efficiencies by up to 50% in solar cells
in Jupiter-type environments. Cells used for
deep-space missions beyond the orbit of Mars
should be processed to minimize these effects.
Elimination of the titanium interlayer on the front
surface of the solar cell (junction side) should
considerably reduce the amount of shunting. The
high surface carrier concentration on the diffused
side should allow for good ohmic contacts using
only the silver metallization. The use of alum-
inum alloyed p+ back contacts will eliminate the
need for any titanium evaporation as well as elim-
inate possible Schottky barrier contacts at lower
temperatures. Shunting could be further minim-
ized by reducing the area of the front contacts
since the much lower current densities encoun-
tered in solar cells operating between 2 and 5 AU
relaxes the series resistance problems consider-
ably. An obvious additional advantage of such a
reduction is the increased current output, and
hence, increased efficiency, due to the larger
area for light absorption.
Testing and qualifying solar cells in solar
simulators at low temperatures is time consuming
and expensive. These costs could be substantially
reduced by preliminary screening of solar cells
to be used in low-intensity, low-temperature mis-
sions by measuring their dark forward current-
voltage characteristics at room temperature and
specifying upper limits on the current at lower
voltages.
To further explore the possible causes of
nonuniform current collection by the junction and
the nonuniformity and excessive magnitudes of
recombination current, further testing of solar
cells made under controlled, but variable, condi-
tions of diffusion processes such as temperature
uniformity, and quenching rates should be made.
The use of the scanning electron microscope and
X-ray topographic instrumentation would be of
great aid in such investigations.
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